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Abstract 
The applications of ceramics are limited by their brittle nature and low reliability. Recent studies show 
that compressive residual stress can be introduced in ceramics by shot peening, which can improve the 
contact strength and fatigue of ceramics. However, the formation mechanism of residuals stress has 
not been investigated yet. In this study, a pressure dependent plasticity model has been incorporated 
into a FE model of shot peening to shed light on the residual stress formation mechanism. Since shot 
velocity is the key process parameter to dominate the impact energy which determines the deformation 
state of surface material and the resultant residual stress, a new kinematic model of shots has also been 
developed by incorporating air drag and travel distance inside and outside the peening nozzle. The 
results have shown that the kinematic model can be used to predict shot velocity. The FE model 
provided an insightful understanding of the residual stress formation mechanisms. 
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1 Introduction 
The excellent wear resistance and high temperature strength of ceramics allow their wide 
applications in bearing, gas turbines, cutting tools, and medical devices. However, the application of 
ceramics is significantly limited by the brittle nature and low reliability. Shot peening is a mechanical 
surface treatment process to improve fatigue life of aerospace and automobile metallic components by 
introducing a compressive residual stress in surface layer. It was believed for a long time that the 
strengthening of ceramics by shot peening would be impossible since these brittle materials have been 
assumed to tolerate little plastic deformation by mechanical loading. However, a few recent studies 
have shown that the near-surface strength of ceramics can be improved by shot peening (Pfeiffer & 
Frey, 2002, Moon et al., 2004, Tomaszewski et al., 2006, Pfeiffer & Frey, 2006, Takahashi & Nishio, 
2012). High compressive residual stress was introduced into the near surface in ceramics by shot 
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 peening. Furthermore, contact strength and fatigue performance of ceramics can be improved because 
of the compressive residual stresses (Pfeiffer & Frey, 2006). 
1.1 Shot peening of ceramics 
Pfeiffer et al. investigated residual stress in shot peened alumina and silicon nitride. Compressive 
residual stress up to –1 GPa can be introduced into the surface to increase surface strength (Pfeiffer & 
Frey, 2006). The influence of shot peening process parameters on the residual stress state, dislocation 
density, surface topography, and the static, cyclic, and rolling near-surface strength was determined. 
Moon et al. observed high density of dislocations and micro-cracks in the sub-surface using TEM 
(Moon et al., 2004). Tanaka et al. reported that compressive residual stress up to –1.5 GPa was 
introduced into the near-surface of shot peened Si3N4 samples (Tanaka et al., 2005). Takahashi et al. 
investigated the combination effects of shot peening and crack-healing on residual stress, apparent 
fracture toughness, and the Weibull distribution of the contact strength of ceramics. It was found that 
shot peening was effective to increase the contact strength and decrease the scatter of the contact 
strength (Takahashi et al., 2010, Takahashi & Nishio, 2012). 
1.2 Shot velocity 
Shot velocity dominates its kinematic energy which in turn dominates the impact energy in shot 
peening, therefore, determines the magnitude and depth of residual stress. An insightful understanding 
of the influencing process parameter of shot velocity is essential to the control of a shot peening 
process, in which a shot is introduced into the nozzle and accelerated by the compressed air flow. 
When the shot exits the nozzle, the air velocity is higher than the shot velocity. The shot is accelerated 
at first. However, the air density and velocity will decrease after leaving the nozzle. When the air 
velocity is lower than the shot velocity, the shot velocity will be decreased. Kirk developed the first 
model to calculate shot velocity considering only the acceleration stage when the shot is still in the 
nozzle (Kirk, 2007). Another limitation of Kirk’s model is that an approximation method was 
employed to obtain the numerical solution. Similar to the Kirk’s model, Li et al. have developed a 
particle velocity model for abrasive air jet to consider the particle velocity evolution when particle is 
outside the nozzle (Li et al., 2009).  A numerical solution to solve the particle acceleration equation 
was also developed. However, the air density variation after leaving the nozzle was not considered. 
1.3 FEA of shot peening 
Due to the complexity of a shot peening process, it is beyond the capability of conventional 
analytical method to provide insight into the microscale mechanical behavior of ceramics in shot 
peening. With the development of the finite element method and the rapid development of 
computational power, FEA of shot peening process has been conducted. Al-Obaid developed the first 
FE model of shot peening in 1990 (Al-Obaid, 1990). The predicted residual stress distributions were in 
good agreement with results in literatures. Subsequently, a series of finite element analysis have been 
performed to simulate various shot peening processes. A lot efforts have been devoted to develop FE 
models to simulate shot peening more realistically, such as FE models with multiple impacts at 
different locations (Meguid et al., 2007, Kim et al., 2012),  different impact angles (Hong et al., 2008), 
and  random multiple peening (Miao et al., 2009). While most studies focus on the prediction of 
residual stress, Frija et al. investigated the damage induced by shot peening with FEA by incorporating 
an elastic-plastic-damage material model (Frija et al., 2006). Bagherifard et al. studied surface 
roughness induced by shot peening with FEA (Bagherifard et al., 2012). Gangaraj et al. developed a 
random FE model to investigate the coverage of shot peening process (Gangaraj et al., 2014). 
However, all those simulations were focused on the mechanical behavior of metals in shot peening. 
No report on FEA of shot peening of ceramics can be found in literature.  
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 1.4 Research objectives 
The previous studies on shot peening of ceramics are limited to experiments and lack of theoretical 
studies. The formation mechanism of residual stress in ceramics introduced by shot peening has not 
been investigated yet. The formation of residual stress indicates the occurrence of plastic deformation, 
which has not been investigated in the previous studies. A fundamental study of mechanical behavior 
of ceramics in peening is required to understand the microsacle plastic deformation phenomena. 
In this work, a pressure-dependent plasticity model was incorporated into a FE model to 
investigate the mechanical behavior of ceramics in peening and shed light on the residual stress 
formation mechanism. A new kinematic model of shot was also developed to calculate shot velocity 
considering the air flow density change outside of the nozzle. The shot velocity obtained from the new 
shot velocity model was then input as an initial condition of the FE model. 
2 Kinematic Model and Numerical Implantation with Air Drag 
and Density Variation  
2.1 Shot velocity inside the nozzle 
 
Fig. 1  Shot acceleration in the nozzle 
 
The peening shot moving through a nozzle is accelerated by the air stream because of the drag 
force imposed by fast flowing air stream as shown in Fig. 1. 
The drag force FD is regarded to be proportional to the square of the velocity difference between 
the air flow and the shot. 
 
ܨ஽ ൌ
ͳ
ʹܥ஽ܣ௦ߩ௔
௡ሺݒ௔௡ െ ݒ௦ሻଶ (1) 
 
where CD is the “drag coefficient” (a dimensionless number that depends upon the shape of the object 
and for a smooth sphere CD ≈ 0.5). 
Based on the Bernoulli equation for compressible flow as a function of the pressure ratio, the air 
flow velocity ݒ௔௡  in nozzle can be given by (Thomas, 1999) 
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 where κ is the adiabatic exponent that takes a value of 1.4 for air, p is the absolute air pressure in 
nozzle, and p0 is the atmospheric pressure. The air density ߩ௔௡ in the nozzle depends on the air pressure 
and temperature with the following relationship 
 
ߩ௔௡ ൌ
݌
ܴ௜ܶ
 (3) 
 
where Ri is the individual gas constants with a value of 287 N∙m/(kg∙K) and T is the absolute 
temperature. 
For a cylindrical nozzle, there exists an air velocity limit vL that cannot be exceeded which is given 
by (Momber, 2008) 
 
ݒ௅ ൌ ቀʹ
ߢ
ߢ ൅ ͳܴ௜ܶቁ
ଵ ଶΤ
 (4) 
 
The acceleration of shots through a nozzle is governed by the Newton's second law of motion. 
 
݀ݒ௦
݀ݐ ൌ
ܥ஽ܣ௦ߩ௔௡ሺݒ௔௡ െ ݒ௦ሻଶ
ʹ݉௦
 (5) 
 
The cross section area As and shot mass ms can be given by 
 
ܣ௦ ൌ
ߨ݀௦ଶ
Ͷ  
(6) 
 
݉௦ ൌ
ߨ݀௦ଷߩ௦
͸  
(7) 
 
where ds and ρs is the diameter and density of a shot, respectively. 
Combining Eq. 1-7, the shot acceleration as can be calculated by 
 
ܽ௦ ൌ
݀ݒ௦
݀ݐ ൌ
͵ܥ஽ߩ௔௡ሺݒ௔௡ െ ݒ௦ሻଶ
Ͷ݀௦ߩ௦
 (8) 
 
An approximation for the shot velocity was made by assuming that a constant acceleration over the 
nozzle length ln  (Kirk, 2007), such that the resultant shot velocity ݒ௦ can be given by 
 
ݒ௦ ൌ ൬
͵ܥ஽ߩ௔௡݈௡
ʹߩ௦݀௦
൰
ଵ ଶൗ
ሺݒ௔௡ െ ݒ௦ሻ (9) 
 
2.2 Shot velocity model outside the nozzle 
The evolution of the air flow after leaving nozzle can be divided into two regions, the initial region and the 
main region as shown in Fig. 2. It is regarded that the center line velocity in the initial region equals to air 
velocity  ݒ௔௡ in the nozzle while the center line velocity in the main region is proportional to 1/x. According to 
Rajaratnam (Rajaratnam, 1976), the center line air velocity ݒ௔௫ after leaving the nozzle can be expressed by 
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Fig. 2  Air-jet flow in free air (dimensions non-proportional) 
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 (10) 
 
where dn is the diameter of the nozzle, x is the axial distance from the nozzle exit. 
It should be noted that the air density will decrease after leaving the nozzle exit due to the flow expansion. It 
is difficult to determine the density variation by experiment. To get a more realistic result, an assumption that air 
density ߩ௔௫ after leaving nozzle decreases at an exponential rate can be expressed by  
 
ߩ௔௫ ൌ ܣ݁ି஻௫ ൅ ܥ (11) 
 
where B is the decay rate of air density after leaving nozzle. 
The boundary conditions are given by 
 
൜ߩ௔
௫ ൌ ߩ௔௡ԙݔ ൌ Ͳ
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 (12) 
 
where ߩ௔଴ is the density of atmosphere air, then A and C can be obtained by 
 
൜ܣ ൌ ߩ௔
௡ െ ߩ௔଴ԙ
ܥ ൌ ߩ௔଴ԙ
 (13) 
 
Assume that the air flow density at the peening target decreases to ߙߩ௔௡, i.e.  
 
ߩ௔௫ȁ௫ୀ௟ ൌ ܣ݁ି஻௟ ൅ ܥ ൌ ߙߩ௔௡ (14) 
 
where l is the distance between nozzle to the peening target, then B can be solved by 
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The air density after leaving the nozzle can be expressed as 
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 2.3 Numerical implementation and discussions 
To obtain a practical solution of shot velocity, a numerical approach is developed in this study 
based on the previous work given by Li et al. (Li et al., 2009). The nozzle length is divided into n 
identical small segments of length ls = ln / n. Within each segment, the shot acceleration is assumed to 
be constant, and the relative velocity ሺݒ௔௡ െ ݒ௦ሻ can be calculated using the shot velocity at the start 
point of the segment. 
 
ሺݒ௦௜ሻଶ െ ሺݒ௦௜ିଵሻଶ ൌ ʹܽ௦௜ ݈௦ (17) 
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Similar to Eq. 18, the shot velocity ݒ௦௜  after leaving the nozzle is given by  
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 (19) 
 
Based on the above equations, the flow chart to calculate shot velocity is given in Fig. 3. 
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Fig. 3  Flow chart for the calculation of shot velocity 
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 3 Finite Element Modelling of Shot Peening 
 
Fig. 4  Mesh of the shot peening simulation 
 
The mesh of the shot peening system is shown in Fig. 4. Only a quarter of the workpiece and shot 
was modeled because of symmetry. The workpiece was modeled as a cylindrical solid with a radius of 
5 mm and thickness of 5 mm. The workpiece mesh was divided into two zones: a fine mesh zone with 
an element size of 10 μm in the impact region with a thickness of 150 μm and a radius of 1300 μm, 
and a relatively coarse mesh zone to model the other region away from region of impact. A gradual 
transition of element size from the fine mesh zone to the coarse mesh zone was used. The model had 
210887 nodes and 410090 elements. Abaqus 6.12/Explicit solver was used in this simulation. 
The bottom of workpiece was constrained in all directions. Symmetric boundary conditions were 
applied to the XZ and YZ planes of the mesh. An initial velocity calculated from the kinematic model 
was applied to the shot.  
The workpiece Al2O3 was modeled using the Johnson-Holmquist 2 (JH-2) model. The JH-2 model 
is a phenomenological model which has been widely used to simulate the response of ceramics 
impacted at high velocity. The JH-2 model consists of three main components: (1) a representation of 
the deviatoric strength of the intact and fractured material in the form of a pressure-dependent yield 
surface, (2) a damage model that transitions the material from the intact state to the fractured state, and 
(3) an equation of state (EOS) for the pressure-density relation that can include dilation (or bulking) 
effects. Each of these components of the model is described in the following sections. A physical 
explanation of damage and fracture in the JH-2 model is shown in Fig. 5. A full description of the 
constitutive equations of the JH-2 model can be found in cited reference (Johnson & Holmquist, 
1994). The material constants of alumina for the JH-2 model are given in Table 1 (Anderson et al., 
1995). 
For simplicity, the shots were modeled as elastic. The tungsten carbide shots were given an elastic 
modulus E = 550 GPa, Poisson's ratio ν = 0.23 and density ρ of 15.8 × 103 kg/m3. Stainless steel shots 
were given an elastic modulus E = 210 GPa, Poisson's ratio ν = 0.3 and density ρ of 7.8 × 103 kg/m3. A 
Coulomb friction coefficient μ = 0.2 was defined between the shots and the workpiece. The shot 
velocity was determined using the method described in last section based on the experiment condition 
(Pfeiffer & Frey, 2006).  
 
 
Peening direction
5 
m
m
 
10
 µ
m
 
WorkpieceShot 
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 Fig. 5  Strength, damage,  and fracture under a constant pressure and strain rate  
 
Table 1  Material Constants of the JH-2 Model for Al2O3 
 
Material Al2O3 
Density ρ (Kg/cm3) 3700 
Shear modulus G (GPa) 90.16 
Strength constants  
A 0.93 
B 0.31 
C 0 
M 0.6 
N 0.6 
ߝሶ଴ 1.0 
T (GPa) 0.2 
HEL (GPa) 2.79 
PHEL (GPa) 1.46 
Damage constants  
D1 0.005 
D2 1.0 
Pressure-density relation constants  
K1 (GPa) 130.95 
K2 (GPa) 0 
K3 (GPa) 0 
β 1.0 
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 4 Deformation Mechanics in Shot Peening Ceramics 
4.1 Data retrieving procedure 
In order to investigate mechanism of ceramic plastic deformation and residual stress formation in 
multiple impacts, both instantaneous and residual strains/stresses were retrieved along the node path as 
shown in Fig. 6. The instantaneous strains/stresses were retrieved at the maximum plastic depth in 
each impact. The residual strains/stresses were retrieved at the 5th impact after shot bounced back. 
 
 
Fig. 6  Data retrieving path (quarter mesh) 
 
4.2 Plastic deformation 
 
  
 
Fig. 7  Instantaneous radial stress σ11 distribution 
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Fig. 8  Instantaneous pressure distribution 
  
Fig. 6 shows that the dent caused by plastic deformation in a single impact. The occurrence of 
plastic deformation has been verified by the high density dislocation in the subsurface of shot peened 
ceramics (Moon et al., 2004). The instantaneous radial stress σ11 is in Fig. 7 shows that the maximum 
tensile stress reaches 200 MPa, which is much smaller than the tensile strength of alumina. Fracture is 
unlikely to happen at such low stress. While the pressure in Fig. 8 is as high as 1.67 GPa. In the JH-2 
model, the failure strain is highly dependent on pressure. With such high pressure, ceramics will 
undergo significant plastic deformation before PEEQ reaches failure strain. From the viewpoint of 
fracture mechanics, a high pressure will suppress crack propagation and makes the ceramics more 
ductile, which is demonstrated in the corresponding equivalent plastic strain PEEQ in Fig. 9. It can be 
seen that the maximum PEEQ is on the top surface. 
 
  
 
Fig. 9  Instantaneous equivalent plastic strain distribution 
4.3 Damage evolution 
 
 
Fig. 10  Instantaneous damage distribution 
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 As shown in Fig. 10, the impact creates a damaged zone of about 200 μm depth. In the JH-2 
model, “damage” is defined as a state variable to represent the strength degrading. The material 
strength decreases with the increase of damage. According to Deshpande et al. (Deshpande et al., 
2011), there are three inelastic deformation mechanisms for ceramics under indentation or impact: (i) 
lattice plasticity due to dislocation glide or twining; (ii) microcracking extension; and (iii) granular 
flow of densely packed communited particles. The increase of damage can be interpreted as the 
growth of microcracks. Thus it is reasonable to conclude that the “damage” zone introduced by shot 
peening was caused by microcracks extension. The existence of microcracks was confirmed by TEM 
of shot peened ceramics subsurface by Moon et al. (Moon et al., 2004).  
When the “damage” value exceeds one, it means the material cannot withstand any tensile loading 
according to the JH-2 model. It means that the microcracks coalesce and the material transitions into a 
granular medium comprising narrowly separated granules. It can be seen from Fig. 10 that the damage 
of most elements in the damaged zone reaches one. It seems that the JH-2 model may overestimate the 
damage of ceramics subjected to shot peening. It should be mentioned that the damage evolution in the 
JH-2 model is based on phenomenological damage mechanics. The material constants of the JH-2 
model were obtained through extensive calibration against ballistic impact test. However, shot velocity 
in shot peening is much lower than the ballistic impact velocity. Although the JH-2 model has been 
successfully used to simulate the mechanical behavior of ceramics under ballistic impact, it seems that 
the JH-2 model could overestimate the damage when the impact velocity is very low.  
4.4 Residual stress distribution 
The residual stress σ11 contour is shown in Fig. 11. It can be observed that the maximum 
compressive residual stress is up to –1.7 GPa at 180 μm below the top surface, while the residual 
stress on the top surface is very low. That is because when a shot is bounced back, the external 
pressure applied by the shot is also gone. Thus the pressure in elements at top surface will be very low. 
In the JH-2 model, the strength decreases as the pressure decreases. Thus those elements at top surface 
can withstand very low stress. The depth distribution of stress and strain is shown in Fig. 12. The 
stress and strain increases as the number of impacts increases. However, the stress value becomes 
saturate after 3 impacts. The shape and magnitude of the profiles are stable after several repeated 
peening. The residual stress profile forms a hook shape and the maximum compressive residual stress 
occurs at about 180 μm depth in the subsurface. 
 
 
 
Fig. 11  Residual stress σ11 contour 
Diameter: 0.65 mm 
Material: WC 
Velocity: 15 m/s 
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Fig. 12  Depth distribution of residual stress σ11  
5 Conclusions 
This study focused on the development of kinematic model and deformation mechanics in shot 
peening of ceramic Alumina. A kinematic model has been developed and numerically implanted to 
calculate the shot velocity with improved accuracy by accounting for air drag and density variation 
outside of peening nozzle. A 3D finite element simulation model has been developed to investigate the 
residual stress formation mechanisms. The key results are summarized as follows: 
x The high pressure induced by shot peening enables significant plastic deformation in ceramics, 
which explains the formation of residual stress. 
x Compressive residual stress was predicted and confirmed with the experimental data. 
x The material damage of the peened ceramics can be induced by microcracks, which has a 
significant influence on the distribution of residual stress. 
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